We investigated the temporal relationship between hepatic glycogen depletion and cardiac and hepatic PDH (pyruvate dehydrogenase complex) activities during the acute phase of starvation. There was a striking correlation between the decline in hepatic glycogen and PDH inactivation during the first 10 h of starvation. Re-feeding after 6 h starvation was associated with complete re-activation of PDH in liver and re-activation to approx. 750 of the fed value in heart, whereas in rats previously starved for 24-48 h re-activation was delayed in liver and diminished in heart. The results are discussed with reference to the fate of dietary carbohydrate after re-feeding.
INTRODUCTION
The requirement of several tissues for carbohydrate as the sole or the major energy substrate necessitates the maintenance of the blood glucose concentration within a relatively narrow range. In starvation, where dietary carbohydrate is unavailable, such homoeostasis is achieved by restricting the loss of carbohydrate carbon as CO2 by phosphorylation and inactivation of the pyruvate dehydrogenase complex (PDH), by replacing (via glycogenolysis and/or gluconeogenesis) any glucose which is utilized, and by providing alternative noncarbohydrate substrates (e.g. fatty acids and ketone bodies) for use by oxidative tissues. The preferential use of non-carbohydrate substrates in starvation forms the basis of the glucose/fatty acid cycle (Randle et al., 1964) .
Many investigations of the regulation of glucose production and conservation in the intact animal after nutritional deprivation have been carried out after rather prolonged periods of starvation (24-48 h) . Starvation of this duration is associated with a marked elevation in circulating fatty acid and ketone-body concentrations (see, e.g., Holness et al., 1988) and a 30-fold decrease in the percentage of cardiac PDH in the active form (reviewed by Randle et al., 1984; see also French et al., 1988) . Although the decline in hepatic PDH activity is less dramatic (a 3-fold change in activity; reviewed by Wieland, 1983) , it is accompanied by greatly enhanced rates of gluconeogenesis, at least in part as a consequence ofadaptive increases in the activities ofkey gluconeogenic enzymes, e.g. glucose-6-phosphatase and phosphoenolpyruvate carboxykinase. The response to short-term starvation has been less extensively studied. McGarry et al. (1973) demonstrated that a period as short as 6-12 h after the last feeding can induce profound effects on hepatic carbohydrate metabolism, including glycogen depletion and activation of gluconeogenesis, and, in lactating rats, starvation for 6 h is associated not only with hepatic glycogen depletion but also with a decline of over 85 % in mammary-gland lipogenesis (Jones et al., 1984) . However, measurements of arterio-venous differences did not suggest inactivation of mammary-gland PDH (Williamson et al., 1983) . These findings raised the possibility that there might not be co-ordinate control of glucose production and utilization during the transition from the fed to the fasted state, and prompted an investigation of the temporal relationship between hepatic glycogen depletion and PDH activities during the acute phase of starvation (0-10 h after food withdrawal).
The provision of carbohydrate after prolonged (48 h) starvation leads neither to immediate suppression of hepatic gluconeogenic flux (Sugden et al., 1983; Newgard et al., 1984) nor to immediate re-activation of cardiac or hepatic PDH (Kerbey & Randle, 1982; Holness et al., 1986) . Significant re-activation of hepatic PDH occurs only after 3-4 h , and it has been proposed that such delayed re-activation may permit the preferential use of lactate and pyruvate for hepatic glycogenesis rather than lipogenesis . However, Wieland et al. (1972) observed more rapid re-activation of hepatic PDH in response to refeeding in rats starved for only 24 h. We therefore considered it important to determine whether the immediacy of the response of tissue PDH to re-feeding was dependent on the antecedent period of starvation.
MATERIALS AND METHODS Materials
Sources of materials were as in Holness et al. (1988 Metabolite and enzyme assays Rats were sampled while under sodium pentobarbital anaesthesia (5 min; 6 mg/100 g body wt.). Tissues were rapidly freeze-clamped and stored in liquid N2. Glycogen concentrations were measured in extracts of freezeclamped liver (for details see Holness et al., 1988) .
The active form of the pyruvate dehydrogenase complex (PDHa) and citrate synthase activities were measured in freeze-clamped tissue extracts as described by Caterson et al. (1982) . PDH activities have been expressed relative to citrate synthase to correct for possible variation in the efficiency of mitochondrial extraction (see Caterson et al., 1982; French et al., 1988 Jones et al., 1984) , and were maintained for the first 3 h after food withdrawal (Fig. 1 a) . Thereafter concentrations rapidly declined, and by 6 h were only approx. 400 of the fed value. The concentration continued to decrease over the next 4 h, and by 24 h of fasting was only 5 0 of the fed value (Fig. la) .
McGarry et al. (1973) have also studied the time course of changes in hepatic glycogen concentrations over the initial 10 h of starvation. The protocol followed in that study differed from our own in that rats previously provided with free access to food were given a liquid diet by stomach intubation as a final feeding. The period over which hepatic glycogen concentrations were maintained was extended to 6 h, presumably as a result of continued carbohydrate absorption from the gastrointestinal tract. However, as in our experiments, the most rapid rates of depletion of hepatic glycogen occurred over a relatively short period (of 4-6 h duration), and was essentially complete after 24 h of fasting.
There was a striking correlation between the hepatic glycogen concentration and the activity of hepatic PDH over the first 10 h of starvation (Fig. Ia) . This correlation was even more apparent when PDH activity was plotted as a function of the hepatic glycogen concentration (Fig.  lb) . Little change in liver PDH activity was observed during the first 3 h, but thereafter the activity steadily decreased. This activity was approx. 5500 of the fed value by 6 h and 31 % by 8 h (Fig. la) . The activity of hepatic PDH was not further decreased if the starvation period was extended (Fig. ib) . Previous studies (e.g. Caterson et al., 1982; Fatania et al., 1986; Marchington et al., 1987; Holness et al., 1988) have reported a similar extent of inhibition of hepatic PDH activity (to of the fed value) during prolonged starvation.
A high activity of cardiac PDH complex was also maintained for 3 h, but in the heart the activity of the complex declined precipitously between 3 and 4 h after food withdrawal (Fig. la) . Thus, at 4 h, although the hepatic glycogen concentration was still approx. 700 of that observed in the fed state, cardiac PDH activity had already declined by more than 680%, and, in contrast with the liver, activity was negligible (< 5 of the fed value) after 24-48 h starvation (see also Kerbey & Randle, 1982;  Sale & Randle, 1982) .
The effects of short-term starvation on hepatic metabolism have been attributed to a decreased insulin/ glucagon ratio (McGarry et al., 1975; Boyd et al., 1981) , and liver PDH is sensitive to both of these hormones (reviewed by Wieland, 1983) , although, paradoxically, glucagon may increase hepatic PDH under some circumstances (Oviasu & Whitton, 1984; Fatania et al., 1986) . Observations of direct hormonal regulation of the PDH complex in heart are few (reviewed by Wieland, 1983) . In this study we have not attempted to define the importance of hormonal changes in the response to acute starvation. However, as it has been noted that cardiac PDH is sensitive to elevated fatty acid concentration (Jin et al., 1988) and that oleate can oppose the effects of insulin to increase hepatic PDH in vivo (Wieland et al., 1972) , we examined the effects of inhibition of mitochondrial fat oxidation on cardiac and hepatic PDHa over the period associated with the most marked decline in activity (3-6 h after food withdrawal). (Huang & Veech, 1988) .
Concluding remarks
This study has demonstrated that inactivation of the PDH complex in at least two oxidative tissues is an early response to starvation, occurring concomitantly with hepatic glycogenolysis. However, in contrast with the situation after more prolonged starvation, complete re-activation of the complex is rapidly achieved by re-feeding.
Although inhibition offat oxidation reversed the effects of acute starvation on cardiac PDH, this was not the case in liver. This implies that hepatic energy requirements during the early stages of starvation can be met by glycolysis or by the oxidation of substrates other than carbohydrates or fatty acids. The possibility is raised that inhibition of hepatic glycolysis may occur after hepatic PDH inactivation. Alternatively, amino acids (or their keto derivatives) may be used as oxidative substrates.
In the present study we have examined the response to re-feeding after a very brief period of starvation, which may possibly have more relevance to normal feeding patterns than that seen after long-term starvation. Nevertheless, the response to re-feeding after prolonged starvation may more closely reflect the metabolic pattern which exists in certain physiological (pregnancy, lactation) 
